Abstract. We conducted a meta-analysis of previously published empirical studies that have examined the effects of nitrogen (N) enrichment on litter decomposition. Our objective was to provide a synthesis of existing data that comprehensively and quantitatively evaluates how environmental and experimental factors interact with N additions to influence litter mass loss. Nitrogen enrichment, when averaged across all studies, had no statistically significant effect on litter decay. However, we observed significant effects of fertilization rate, site-specific ambient N-deposition level, and litter quality. Litter decomposition was inhibited by N additions when fertilization rates were 2-20 times the anthropogenic Ndeposition level, when ambient N deposition was 5-10 kg N·ha Ϫ1 ·yr
INTRODUCTION
Nutrient cycling in terrestrial ecosystems is critically dependent on decomposition of plant litter, and extensive research has been done to quantify, model, and predict decomposition rates across a range of ecosystem types. Climate, litter chemistry, and external nitrogen (N) availability all interact to determine decomposition and nutrient-cycling dynamics. Litter-quality parameters, particularly initial lignin and N contents, often correlate with rates of litter mass loss (Aber and Melillo 1982 , Melillo et al. 1982 . Thus, ratios of C:N and lignin:N have commonly been used to predict litter decay dynamics (Aber and Melillo 1982 , Parton et al. 1987 , Taylor et al. 1989 , Aber et al. 1990 ). These ratios also influence the N dynamics of decaying plant material (Aber and Melillo 1982) . While the correlation between initial litter N content and decay rate has been observed in numerous studies, the relationship between decomposition and external N availability is less clear. Several studies have reported significantly faster decay rates in response to increased external N availability (Hunt et al. 1988 , Hobbie 2000 , Carreiro et al. 2000 , Hobbie and Vitousek 2000 . However, many others have reported either no significant change (McClaugherty et al. 1987 , Pastor et al. 1987 , Hunt et al. 1988 , Prescott 1995 , Bryant et al. 1998 , Carreiro et al. 2000 , Hobbie and Vitousek 2000 or a suppression of 3 Corresponding author. E-mail: serita.frey@unh.edu decay rates Aber 1998, Carreiro et al. 2000) . The differential response to N additions across studies can be explained in part by differences in litter chemistry. High levels of external N generally stimulate the decay of plant tissues containing low concentrations of lignin and other recalcitrant compounds, while reducing mass loss for high-lignin materials (Berg 1986 , Fog 1988 , Berg and Matzner 1997 , Carreiro et al. 2000 , Sinsabaugh et al. 2002 , Dijkstra et al. 2004 . Sinsabaugh et al. (2002) proposed that N enrichment alters microbial decay by uncoupling the degradation of polysaccharides and polyphenols. This hypothesis is supported by the observation that high N availability stimulates cellulolysis and suppresses the activity of lignin-degrading enzymes (Carreiro et al. 2000 , Sinsabaugh et al. 2002 , Frey et al. 2004 . While litter quality clearly influences the litter decay response to N fertilization, other factors, including both environmental conditions (e.g., climate, ambient N-deposition level) and aspects of experimental design (e.g., fertilizer type, litterbag mesh size), may be important in explaining the large differences in both magnitude and direction of the decay response observed in the literature.
Our objective was to conduct a meta-analysis of existing data from previously published N-addition studies to provide a comprehensive and quantitative synthesis of the conditions under which N enrichment stimulates or inhibits litter decay. Meta-analysis offers formal statistical methods for comparing and integrating the results of multiple studies (Hedges and Olkin NITROGEN ADDITION AND LITTER DECAY Reports 1985) . This approach has been used by ecologists to analyze field competition experiments (Gurevitch et al. 1992) , the effects of forest management on soil C and N storage (Johnson and Curtis 2001) , the response of soil respiration and N mineralization to experimental ecosystem warming (Rustad et al. 2001) , and elevated CO 2 effects on plant biomass, reproduction, leaf litter chemistry, and leaf gas exchange (Curtis and Wang 1998 , Jablonski et al. 2002 . In the present paper, we evaluated how study type (field experiments vs. laboratory incubations), fertilizer rate and type, site-specific ambient N-deposition level, litter quality, litterbag mesh size, length of the decay period, and climate influence the litter decay response to N additions.
METHODS

Data collection
We reviewed over 900 litter-decomposition studies published since 1980 and identified 24 of these studies where external N availability was experimentally manipulated in the laboratory or in the field (Appendix A). While many of these studies derived from longterm N-addition experiments where numerous ecosystem properties were measured (e.g., plant biomass, plant community composition, nutrient transformations, soil chemistry), we focused our attention on how N enrichment influenced litter decay. To be included in our analysis, experimental studies had to report litter mass loss (i.e., not root material or soil organic-matter loss) over the study period for control and N-addition treatments. All studies except one reported percentage litter mass remaining over time. For Carreiro et al. (2000) , percentage mass remaining was calculated from reported decay rate coefficients using the single negative exponential decay function: log e [remaining mass/ initial mass] ϭ Ϫkt (Olson 1963) . In a few instances, study authors were contacted if pertinent information was missing (e.g., initial litter composition). Data Thief software (Bas Tummer, Eindhoven, The Netherlands) 4 was used to extract data from figures.
The experimental field sites were located in grassland, forest or tundra ecosystems in nine countries (Australia, Canada, India, New Zealand, Norway, Scotland, Spain, Sweden, and the United States). Levels of N fertilization ranged from 24 to 600 kg N·ha Ϫ1 ·yr Ϫ1 . Ambient N deposition at the study sites ranged from Ͻ1 to 19 kg N·ha Ϫ1 ·yr Ϫ1 . Mean annual temperature ranged from Ϫ4.5Њ to 24ЊC and mean annual precipitation from 310 to 2500 mm. More than 20 different litter types were represented (Appendix A). Litter decay was followed for periods of Ͻ1 month to 72 months. Additional site characteristics are given in Appendix B.
Meta-analysis
An effect size for each observation was calculated as the natural log of the response ratio r ϭ x t /x c , where x t is the mean for an N-addition treatment and x c is the mean of the associated unfertilized control (Gurevitch and Hedges 1993) . Most of the studies used in this analysis did not provide a measure of variance for the response variable, thus an unweighted meta-analysis was used. The data were analyzed using MetaWin version 2.0 software (Rosenberg et al. 1997 ). This procedure is analogous to the partitioning of variance in a standard analysis of variance where total heterogeneity for a group of comparisons (Q T ) is partitioned into within-group (Q w ) and between-group (Q b ) heterogeneity. The Q statistic follows a chi-square distribution with k Ϫ 1 degrees of freedom, with k referring to pairs of means and not separate publications (Hedges and Olkin 1985) .
In addition to examining the overall effect of N additions on litter decay, an important goal of our study was to determine whether particular environmental or experimental conditions elicited quantitatively different responses to N fertilization. The data were grouped according to study type: field experiment or laboratory incubation. Each litter type was placed a priori into one of three litter-quality categories (low, intermediate, high) based on initial nutrient and lignin concentrations, with lignin being the primary determinant. Litters with Ͻ10, 10-20, or Ͼ20% lignin were placed into the high, intermediate, and low litter-quality categories, respectively. In some cases, the same litter type was placed in more than one quality category if reported litter nutrient concentrations differed due to site-specific differences in soil fertility. For example, Metrosideros polymorpha litter collected from several sites in Hawaii (Hobbie 2000) had similar N contents (0.23-0.33%), but differed considerably in lignin content (10-28%) and thus fell into either the intermediate or low quality category. For the few studies where litter chemistry was not reported, we assigned litter to a quality category based on published literature values for that litter type. Studies were further categorized based on the period over which decomposition occurred (Ͻ6, 6-12, 13-24, Ͼ24 months), litterbag mesh size (Ͻ1 or Ͼ1 mm 2 ), amount of ambient N deposition received annually (Ͻ5, 5-10, and Ͼ10 kg N·ha Ϫ1 ·yr Ϫ1 ), level of N fertilizer applied (Ͻ75, 75-125, Ͼ125 kg N·ha Ϫ1 ·yr Ϫ1 for both field and lab studies; Ͻ5, 5-10, 11-20, Ͼ20 times ambient N deposition for field studies only), and type of N fertilizer applied. Fertilizer types included KNO 3 , Ca(NO 3 ) 2 , NaNO 3 , NH 4 NO 3 , NH 4 SO 4 , urea, and NH 4 NO 3 plus urea. Several fertilizer types were used in only one study (i.e., NaNO 3 , Ca(NO 3 ) 2 , and KNO 3 ) and thus were automatically excluded from this aspect of the analysis (i.e., k Ͻ 2; see below). Precipitation categories were Ͻ500, 500-1000, and Ͼ1000 mm/yr. Levels of mean annual temperature corresponded to frigid (Ͻ8ЊC), mesic (8-15ЊC), and thermic (Ͼ15ЊC) temperature regimes. Studies differed in numerous ways in addition to these selected variables, such as among soil textures, vegetation types, and biomes (see Appendices A and B). Partitioning effect sizes according to these variables was not done, either because insufficient data were available to accurately categorize studies (e.g., among soil textures) or because too few studies were present representing a given category to be statistically useful (e.g., among biomes). Given the available information, there are no discernible biases in how the data are distributed across subdivisions within categorical variables (Appendix C). The data in most subdivisions derive from a range of sites, climatic regimes, and vegetation types.
Variance among categorical groups was partitioned to determine the effect of each category (e.g., temperature regime) on percentage litter mass remaining. Categorical subdivisions could only be compared if they were represented by at least two separate studies (e.g., if k Ն 2). Between-group heterogeneity (Q b ) for each categorical variable was determined for the response variable. If none of the categorical groups displayed significant Q b , there was no statistical justification for further subdivision of the data. Where significant Q b was observed, the data were subdivided according to levels of those categorical variables with a significant Q b . Mean effect size for each study was calculated, with bias-corrected 95% confidence intervals (CI's) generated by a bootstrapping procedure using the MetaWin software. Means were considered to be significantly different from zero if the 95% confidence interval did not overlap zero, and significantly different from one another if their 95% confidence intervals were non-overlapping Hedges 1993, Johnson and .
RESULTS AND DISCUSSION
Our meta-analysis is the first quantitative synthesis of the published literature describing the litter decay response to external N additions. Five hundred observations from 24 studies were included in our analysis. Field experiments and laboratory incubations contributed 77% (k ϭ 386) and 23% (k ϭ 114) of the observations, respectively (Appendix A). The litter decay response to N additions ranged from a 38% inhibition to 64% stimulation (Fig. 1 ). There was a strong positive relationship, expressed as percentage mass remaining, for litter decay in control compared to fertilized treatments, with the strength of the relationship having an r 2 ϭ 0.84. Nitrogen enrichment, when averaged across all 24 studies and 9 categorical variables, had no statistically significant effect on litter decay (Fig. 2a) . Between-group heterogeneity (Q b ) for study type (laboratory incubations vs. field studies) was not significant (Table 1) , thus data from both study types were analyzed together except for those categorical variables not relevant to the laboratory incubations (i.e., level of ambient N deposition, litterbag mesh size, mean annual temperature and precipitation).
The overall effect of N additions on litter decomposition was not significantly different from zero because of significant variation among studies (Table 1 and Fig. 1 ). The application rate and type of N fertilizer applied, the amount of ambient N deposition (field studies only), litter quality, and the length of time over which litter mass loss was measured all influenced the direction and degree of the litter decay response (Table  1, Figs. 2 and 3 ). Decomposition showed a small, but significant inhibition (Ϫ5%) in response to N additions Ͻ75 kg·ha Ϫ1 ·yr Ϫ1 , a significant stimulation (ϩ17%) for additions of 75-125 kg·ha Ϫ1 ·yr
Ϫ1
, and a significant inhibition (Ϫ9%) at N addition rates Ͼ125 kg·ha Ϫ1 ·yr Ϫ1 (Fig. 2b) . When the N addition rate was expressed relative to the ambient N-deposition level (possible for field studies only), N fertilization significantly inhibited litter decay by 8-16% for sites where N addition rates were 2-20 times greater than depositional inputs (Fig. 2c) . At none of the sites was N applied at rates less than double the ambient N deposition level. When N additions were greater than 20 times the ambient Ndeposition level, litter decay was significantly stimulated (ϩ17%). The rate of atmospheric N deposition at the field sites included in our analysis ranged from 0.1 to 19 kg N·ha Ϫ1 ·yr
. Nitrogen fertilization rates for these experiments ranged from 24 to 600 kg N·ha Ϫ1 ·yr Ϫ1 , representing N additions that exceeded ambient N depositional inputs at a given site by 2.3-1000 times. This raises the question as to whether the very high rates of fertilization used in some studies are realistic in terms of evaluating the impacts of current or even future N-deposition levels on litter decay. We suggest that the significant stimulation of litter decay ‡ Rate of N additions relative to ambient N deposition for field experiments. Categories were Ͻ5, 5-10, 11-20, and Ͼ20 times ambient N deposition. Several studies had to be excluded because the level of N deposition was not available for those sites.
§ Data were excluded from the analysis if the N source was unique to that study (i.e., k ϭ 1).
Applicable to field studies only.
observed for high N-fertilization rates (Ͼ20 times ambient N deposition) is unlikely to be seen in the field under current ambient N deposition rates, except for high quality litters that exhibited decay stimulation regardless of N fertilization level (see below for further discussion on litter quality).
There was significant between-group heterogeneity (Q b ) for fertilizer type (Table 1) . Additions of NH 4 NO 3 significantly inhibited litter decay (Ϫ9%), urea alone had no significant effect, and NH 4 NO 3 plus urea significantly stimulated decay (ϩ23%). However, there was no significant difference in decay response between litters treated with NH 4 NO 3 or urea only (data not shown). Additionally, all of the data in the NH 4 NO 3 -plus-urea category were derived from two studies conducted in Hawaii using Metrosideros polymorpha litter (Hobbie 2000, Hobbie and Vitousek 2000) . Thus something other than fertilizer type may account for the observed stimulation of litter decay for these data. We therefore do not have strong evidence that fertilizer type influenced the decay response to N additions for the studies included in our analysis.
There has been little consideration given in the literature as to how site-specific differences in anthropogenic N deposition might influence the outcome of N-addition experiments. In this study we observed significant between-group heterogeneity among field sites receiving differing levels of ambient N deposition (Table 1, Fig. 2d ). At sites receiving low levels of ambient N deposition (Ͻ5 kg N·ha Ϫ1 ·yr
), additional fertilization significantly stimulated litter decay by 18%. At higher levels of ambient N deposition, fertilization inhibited mass loss, although only significantly for intermediate amounts of deposition (16% inhibition for 5-10 kg N·ha Ϫ1 ·yr Ϫ1 ). In areas exposed to chronic, high levels of ambient N deposition, the rates of litter decay were likely already altered prior to experiment initiation due to changes in leaf chemistry and the decomposer community. Additional N additions, therefore, did not translate into significant differences in decay between control and treated litters. Background levels of atmospheric N inputs need to be considered before establishment of future N-addition studies and in the interpretation of data from ongoing experiments.
Numerous studies have demonstrated that external N availability and litter quality interact to influence decay dynamics. Nitrogen additions often increase mass loss for litter materials with low lignin content, while inhibiting decay of high-lignin litters (Berg 1986 , Berg and Matzner 1997 , Carreiro et al. 2000 , Sinsabaugh et al. 2002 ; but see Hobbie and Vitousek [2000] for an exception). Our meta-analysis indicates that, on average, N additions stimulated the decomposition of high-quality litters by 2%, while reducing mass loss of low-quality litters by 5% (Fig. 3b) . Additionally, mass loss of litters decomposing for less than 24 months was stimulated by up to 7%, while litters that had been M. KNORR ET AL. Ecology, Vol. 86, No. 12 FIG. 3 . Response of litter mass remaining to N additions when the data were grouped by (a) the length of the litter decay period (in months), and (b) initial litter quality (low, intermediate, high) . The data are expressed as the mean percentage change from zero with 95% confidence intervals. The number of effect-size comparisons, k, for each response variable is shown in parentheses.
decomposing for greater than 24 months exhibited an 18% decay inhibition (Fig. 3a) . This result is consistent with the observation that cellulose rapidly declines, while lignin often accumulates in litter during the later stages of decomposition leading to increasingly lower litter quality over time (McClaugherty and Berg 1987, Magill and Aber 2000) .
Litterbag mesh size varied among field studies from 0.15 to 4.5 mm 2 . Mesh size is known to influence decomposition rates through exclusion of microarthropods that accelerate litter fragmentation (Vossbrinck et al. 1979 , Seastedt and Crossley 1980 , Bryant et al. 1998 ). We therefore anticipated that variation in litterbag mesh size might influence the litter decay response to N additions. However, between-group heterogeneity was not significant for mesh size categories ( Table 1 ), indicating that mesh size did not interact with N additions to influence litter decay. If the ''litterbag effect'' modified mass loss rates in some way, it apparently impacted N-treated and control (untreated) litters equally.
The field sites included in our analysis spanned arctic, temperate, and tropical climatic regimes. Given the strong influence of temperature and precipitation on litter decomposition rates in general (reviewed by Coû -teaux et al. [1995] ), we expected mean annual precipitation and temperature to interact with external N availability to significantly influence the litter decay response. On the contrary, between-group heterogeneity for these two categorical variables was not significant (Table 1) . Thus climate, at least when temperature and precipitation are averaged on an annual basis, does not appear to be an important factor regulating the effect of N enrichment on litter decomposition. Data reported in the individual studies or available from other sources were insufficient to calculate an integrated climate variable for each site (e.g., AET, actual evapotranspiration sensu Meentemeyer [1978] ).
In summary, our results indicate that N fertilization can alter rates of litter decay, but the direction and degree of response are mediated by interactions between fertilization rates, ambient N deposition, and litter quality. Litter decomposition was inhibited by N additions when fertilization rates were 2-20 times the anthropogenic N deposition level, when ambient N deposition was 5-10 kg N·ha Ϫ1 ·yr
, or when litter quality was low (typically high-lignin litters). Decomposition was stimulated at high fertilization rates (Ͼ20 times the ambient N deposition level), at field sites exposed to low ambient N deposition (Ͻ5 kg N·ha Ϫ1 ·yr Ϫ1 ), and for high-quality litters (low lignin) decomposed in either the field or laboratory. The level of ambient N deposition at a given field site is important in that it influences how additional N fertilization will impact the decay process. Litter decay at sites exposed to longterm, high levels of ambient N deposition may not be as responsive to additional N inputs compared to less heavily impacted ecosystems.
